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Rapid advances of epitaxial growth techniques have opened the possibility for the development of a 
fundamentally new type of semiconductor devices based on transitions between the subbands in quantum 
wells and superlattices. One example of such a device is the quantum cascade laser: a fundamentally new 
light source based on intersubband transitions. This article will report on the recent development of unipolar 
quantum cascade lasers, which represent a major achievement in the field of solid-state infrared lasers. 
S 
ince the first semiconductor 
laser was reported in 1962, 
the development of these de- 
vices has been extremely rapid and 
they now bear almost no resem- 
blance to the original simple het- 
erojunction device. Similarly, while 
applications for semiconductor 
lasers, also called junction or diode 
lasers, developed very slowly in 
the first decade following their in- 
troduction, they are now being 
added to almost daily. 
sion does not rely on the radiative 
recombination of electrons and 
holes, but only on electron transi- 
tions between confined subbands 
of coupled quantum wells.The las- 
ing wavelength can, therefore, be 
tailored over a wide spectral range 
from mid-IR to sub-millimetre by 
changing either the composition 
or thickness of the quantum well 
layer. 
Since 197 1, intersubband lasers 
have been a hot theoretical topic. 
Many interesting structures have 
been proposed using optical and 
electrical pumping. The first elec- 
trically injected laser, reported by 
Faist et al. [ 21, was called the ‘quan- 
tum cascade’ laser (QCL). It uses in- 
tersubband transitions and is 
basically a unipolar device. Its 
emission wavelength is not deter- 
mined by the fundamental 
bandgap. Since its initial develop- 
ment, the group at Bell 
Laboratories has continued the 
The emission wavelength of 
semiconductor lasers available to- 
day is mainly in the near-infrared 
(IR). Semiconductor lasers operat- 
ing in the 3-13 pm longer wave- 
length range are in demand for 
many applications such as free- 
space communications, atmospher- 
ic pollution monitoring, chemical 
sensing, medical diagnostics and IR 
radars. Most developing technolo- 
gies for the realization of mid- and 
long-wavelength IR lasers require 
narrow bandgap semiconductor 
materials. In these conventional 
semiconductor lasers the inter- 
band transition approach is used. 
However, the existing technology 
based on narrow bandgap materi- 
als is limited in optical power and 
operation temperature. 
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An alternative approach, first in- 
troduced in 197 1 by Kazarinov and 
Suris [ 11, is to use intersubband 
transitions in semiconductor quan- 
tum well structures for long wave- 
length IR lasers. Unlike bipolar 
interband laser diodes, the IR emis- 
1 
Figure 1. Energy diagram illustrating: (a) stimulated absorption; (b) spontaneous emission; 
and, (c) stimulated emission. The green dot indicates the state of the atom before and after 
the transition. 
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7gure 2. Schematic conduction-band of one period active region plus injector in the QCL. 
rapid development of the QCL.The 
group’s research has resulted in im- 
proved characteristics such as the 
threshold current and the maxi- 
mum temperature of operation. 
In this article I will concentrate 
on a brief description of the opera- 
tion of interband and intersubband 
which provides atoms, ions, or mol- 
ecules that support light amplifica- 
tion; an energy source to excite the 
medium; and an optical resonator 
to provide feedback of the ampli- 
fied light. The medium has elec- 
tronic energy levels, some of which 
are completely saturated with elec- 
trons; others partially populated 
while the rest are empty. 
At equilibrium, electrons popu- 
late the energy levels in decreasing 
order, starting from the lowest 
level and going to higher ones. 
When an electron in an atom un- 
dergoes transitions between two 
energy levels, it either emits or ab- 
sorbs a photon, which can be de- 
scribed in terms of a wave of 
frequency f = AE/h, AE being the 
energy difference between the 
two levels concerned.The electron 
lasers, and report on the recent transitions, which may occur be- 
achievements in QCL. tween the two energy levels (Ei 
and EJ in an atomic system, are 
Laser operation shown in Figure 1. There are basi- 
cally three processes for interac- 
Conventional semiconductor lasers: tion between a photon and an 
All lasers include three fundamen- electron in a solid: stimulated ab- 
tal elements: a lasing medium, sorption, spontaneous emission, 
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Figure 3. Peak power as a function of current for a 2.0 mm laser cavity at 300 K. Pulses are 6 ps long at a repetition rate of 200 Hz. The figure 
insets show a schematic of an index-guided laser stripe and the emission wavelength at 300 K for I= 2.5 A. (Courtesy of Prof. M. Rareghi.) 
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Figure 4. Continuous wave threshold current density as a function of temperature for a 20 pm 
wide index-guided QCL. Laser emission persisted up to 140 K with Jt,, = 2.5 kA.cm”. 
and stimulated emission. If the 
electron is in the lower level E, 
then in the presence of photons of 
energy (Ea - E,), it may be excited 
to the upper level E, by absorbing 
a photon. Alternatively, if the elec- 
tron is in the level E,, it may return 
to the ground state E, with the 
emission of a photon. This emis- 
sion process may occur in two dis- 
tinct ways. When the transition is 
made without external stimulus 
the process is called spontaneous 
emission. When the electron is 
‘triggered’ to undergo the transi- 
tion by a photon of energy (E2 - Et) 
and gives off a photon of energy 
(Ea - Et), which is in phase with the 
incident radiation, the process is 
called stimulated emission. 
At equilibrium, lower levels 
contain more electrons than upper 
ones and absorption overcomes 
stimulated emission. If by an exter- 
nal pumping mechanism, an upper 
level is made more populated than 
a lower one (i.e. population inver- 
sion is achieved between these 
two particular levels), stimulated 
emission dominates and the input 
light is therefore amplified inside 
36 
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the medium. Stimulated emission is 
the basis of laser operation and 
population inversion is a necessary 
condition for operating any laser. 
The laser is analogous to an 
electronic oscillator where a par- 
ticular frequency is provided with 
a positive feedback. In the laser, 
positive feedback may be obtained 
by placing the gain medium be- 
tween a pair of mirrors which, in 
fact, form an optical cavity. The 
positive optical feedback is needed 
for the build-up of the light intensi- 
ty and to further enhance the am- 
plification process to reach 
resonance. In order to have an out- 
put from the laser cavity, at least 
one of the two mirrors should be 
partially emitting. 
Quantum cascade laser: The injec- 
tion laser described above oper- 
ates on the principle of population 
inversion near a p-n junction. The 
QCL differs in a fundamental way 
from interband diode lasers. In this 
device, the lasing action takes 
place between the conduction 
band levels shown in Figure 2. The 
QCL consists of a large number of 
a periodical structure alternating 
between a short-period superlat- 
tice and a double quantum well ac- 
tive region in which population 
inversion is created. When a volt- 
age bias is applied across the struc- 
ture, electrons flow through a 
superlattice miniband and tunnel 
into the highest subband, E,. The 
tunnelling of electrons out of the 
subband E, is impeded by the 
minigap of the superlattice. This 
causes the electrons to relax down 
to the subbands E, and Et by radia- 
tive and nonradiative processes 
and tunnel out into the down- 
stream superlattice miniband. In 
the QCL design the (Ea-El) energy 
separation is chosen to be close to 
the optical phonon energy This 
leads to a much shorter lifetime of 
the E, subband and creates popula- 
tion inversion and laser action at 
an energy equal to (Es-E& 
One of the advantages of the 
QCL stems from its cascade nature, 
which implies that an injected 
electron can produce a photon in 
each period of the structure.This is 
different from the interband semi- 
conductor lasers where one elec- 
tron-hole pair can produce only 
one photon. 
Recent QCL advances 
QCL lasers have opened up more 
of the spectral range to semicon- 
ductor lasers and made it easier to 
tune to different wavelengths. 
QCLs emitting in the 312.5 urn 
spectral region have been fabricat- 
ed using the InGaAs/InAlAs materi- 
al system lattice-matched to InP 
substrates by adjusting the thick- 
nesses of the layers [ 3-51. 
A.Tredicucci et al. [6] reported 
recently on a new class of QCL 
based on interminiband transitions 
in chirped superlattices that offer 
dramatically enhanced tempera- 
ture and power performance. Peak 
and average powers of 0.5 W and 
14 mW at room temperature were 
obtained for a laser operating at 
7.6 pm. Threshold current densi- 
ties as low as 5 kA.cm-* and a maxi- 
mum temperature for continuous 
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wave (CW) operation of 160 K 
were achieved. 
The use of the GaAs/AIGaAs 
material system demands signifi- 
cant modifications to the design of 
the active region, the waveguide, 
and the fabrication of QCL as com- 
pared to the QCL based on 
InGaAs/AllnAs. The overall princi- 
ples accounting for population in- 
version, however, are basically the 
same. C.Sirtori et al. [7] have fabri- 
cated a QCL in the GaAs/A1GaAs 
material system with an emission 
wavelength of 9.4 pm and peak op- 
tical power in excess of 70 nlW at 
140 K. The laser action accom- 
plished by this group in a material 
system different from the standard 
material used until now confirms 
the general validity of QCL princi- 
ples. 
High temperature operation 
(T = 320 K) of QCLs has been ex- 
tended to 11.5 tam by Faist et al. 
[8] by using an active region con- 
sisting of three coupled quantum 
wells in which the E 3 and E 2 transi- 
tion proceeds between states with 
a reduced overlap. Faist's group 
claims that for long wavelength 
lasers this choice has two main ad- 
vantages: (a) it allows a longer life- 
time of the upper level of the 
lasing transition, E 3, and (b) re- 
duces its overlap with the lowest 
states E l and E 2. Peak-pulsed opti- 
cal power of 55 mW was obtained 
at 300 K with a high'F 0 = 172 K. 
QCLs emitting at 12.9 pm, close 
to the cut-off of the second atmos- 
pheric window, have been report- 
ed by C.Gmachl et aL [9]. These 
devices operate in pulsed mode up 
to 175 K. 
By careful optimization of mate- 
rial quality, waveguide design, and 
processing technology, significant 
improvements have been achieved 
in QCLs grown by gas source mole- 
cular beam epitaxy (GSMBE) emit- 
ting at about 8 pm by S.Silvken et 
al. [10]. The lasers, which were 
driven with 6 ~ts pulses at a 200 Hz 
repetition rate, operate up to 
300 K (Figure 3) and exhibit the 
lowest reported threshold current 
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Figure 5. Continuous wave emission spectra at several temperatures for a quantum cascade 
laser. All currents are close to threshold and show a single longitudinal mode with a width 
limited by the monochromator resolution. The inset to the figure shows the peak wavelength 
as a function of temperature, which is fit linearly to give a tuning parameter d~'dt= 3.26 nm/K. 
(Courtesy of Prof. M. Razeghi.) 
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Figure 6. Threshold current density as a function of temperature for a 100 pm wide index- 
guided QCL. (Courtesy of Prof. M. Razeghi). 
density (4.2 kA.cm -2) for QCLs at 
300 K. The peak wavelength was 
7.95 ~tm, which differs by less than 
1 meV from the theoretical predic- 
tion. Preliminary CW measure- 
ments (Figures 4 and 5) reveal 
operation up to 140 K with a thresh- 
old current density of 2.5 kA.cm 2. 
The authors claim that this is the 
lowest value tbr a CW QCL at this 
temperature.The threshold current 
density as a function of tempera- 
ture was fitted from 80-300 K in 
pulsed mode to the function J = 
J0exp(T/T0) to give a T o of 130 K 
and a J0 of 0.517 kA.cm-2.This J0 is 
the lowest reported for a QCL. 
which reaffirms the low loss and 
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low leakage laser design• Wide 
stripe ( -100 pm) index-guided 
lasers also showed impressive 
results (Figure 6), with an average 
T o = 210 K and a high around 
290 K measured from 80-300 K. 
This is further evidence of the ma- 
terial quality, as they are the high- 
est values reported for a QCL. 
As reported above, QCLs based 
on intersubband transitions have 
now demontrated a high level of 
performance in the mid-IR. It is ex- 
pected that the same technology 
could also be applied to the far-IR 
(30-300 ~tm), where there is a 
strong need for convenient 
sources. This range of frequencies 
spans the region of the spectrum 
between optical and electronic de- 
vices. The carrier dynamics in far- 
IR intersubband devices are 
markedly different from those of 
mid-IR because the photon energy 
is lower than the longitudinal opti- 
cal (LO) phonon energy (ELo = 
36 meV in GaAs). Rochat et aL [ 11 ] 
have investigated intersubband 
electroluminescence in a quantum 
cascade structure designed for far- 
IR emission (X=88 ~tm). A narrow 
luminescence peak with FWHM of 
0.7 meV was measured at low exci- 
tation currents, 30 A.cm 2, and low 
temperature,T -- 5K. 
The future 
Intensive research over the last 
four years has examined a number 
of interesting QCL structures, 
which will perform potentially use- 
ful optoelectronic functions. QCL 
have now demonstrated a high lev- 
el of performance in the mid-IR 
and are expected to open up a po- 
tential market in sensors for chemi- 
cal and trace-gas analysis. 
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